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Abstract—The effects of the antisite related defects on
the electronic structure of silica and the gate leakage
current have been investigated using first-principles
calculations. Energy levels related to the antisite
defects in silicon dioxide have been introduced into the
bandgap, which are nearly 2.0 ¢V from the top of the
valence band. Combining with the electronic
structures calculated from first-principles simulations,
tunneling currents through the silica layer with
antisite defects have been calculated. The tunneling
current calculations show that the hole tunneling
currents assisted by the antisite defects will be
dominant at low oxide field whereas the electron direct
tunneling current will be dominant at high oxide field.
With increased thickness of the defect layer, the
threshold point where the hole tunneling current
assisted by antisite defects in silica is equal to the

electron direct tunneling current extends to higher
oxide field.

Index Terms—Silicon oxide, metal-oxide-semiconductor
structures, tunneling

I. INTRODUCTION

As lateral device dimensions has been scaled into the
deep submicron regime to achieve high levels of speed
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and integration, there must be corresponding decreases
in the gate oxide-equivalent thickness to maintain
current levels required for circuit operation. Thus the
gate leakage current exponentially increases with the
oxide layer thickness decreasing, and it 1s necessary to
precisely characterize the tunneling current through
ultrathin oxide. On the other hand, the structure and
formation mechanism of defects in crystalline and
amorphous silica also plays an important role in the
performance of microelectronics devices and fiber optics
technology. As we know that a major concern 1in silicon
technology 1is the reliability of complementary
metal-oxide-semiconductor devices while they are
scaled to smaller dimensions. Defect-mediated leakage
and quantum-mechanical tunneling current are the main
issue on the reliability of gate oxide. The point defects in
silica will result in the localized states in the band gap of
silica. They are potentially the sources of the gate
leakage current. A large number of experimental and
been devoted to the

characterization of the point defects in silica due to their

theoretical studies have
role in the degradation of silica based electronic devices
[1-12]. There are four categories of crystal defects in a
crystal: point defects, line defects, area defects, and
volume defects. Point defects include any foreign atom
at a regular lattice site (i.e., substitutional site) or
between lattice sites (i.¢., interstitial site), antisite defects
(e.g., Ga in As or As in Ga in compound
semiconductors), missing lattice atoms, and host atoms
located between lattice sites and adjacent to a vacant site
(i.e., Frenkel defects). Antisite defects in the gate oxide
(S1 1 O or O in Si) have not been thoroughly touched so
far in the literature. Therefore the study of the effects of
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the antisite related defects in the gate oxide on the
electronic conduction is necessary.

Stress induced leakage current can be regarded as a
major dielectric reliability concern and have been
studied [13-18].
mechanism for stress induced leakage current still

extensively But the conduction

remains an area of much discussion. For example: the
neutral traps were believed to be the dominant cause of
stress induced leakage current [17]; complex of a
hydrogen atom with an oxygen vacancy was reported as
the defect responsible for stress induced leakage current
[18]. The hypothesis that neutral trap-assisted tunneling
1s a source of stress induced leakage current gains a wider
acceptance. Combination of semi-emprical microscopic
tight-binding calculations with full band Monte Carlo
method was used to analyze defect-assisted elastic
tunneling currents through ultrathin SiO, in metal-oxide-
semiconductor field transistors in Ref. [19].

In the previous work [20], the effective mass issues in
silicon nitride-oxide have been studied using the
first-principles simulations. The relation between the
concentration of nitrogen in lightly nitride silicon oxide
- and the tunneling current has been discussed on the basis
of the first-principles simulations [21]. The effects of
oxygen vacancy on hole tunneling current [22] and stress
induced leakage current [23] have been studied by using

first-principles conduction band

simulations. The
alignment of HfO, caused by oxygen vacancies and its
effects on the gate leakage current in MOS structures
have been studied by using first-principles simulations
[24]. As we know antisite defects could be an origin of
stress-induced leakage current. So it is necessary to
study its effect on the tunneling current. The goal of the
present paper i1s to build a picture of the effects of
antisite defects on the electronic structure of Si0,, and
thus the increase in the tunneling current caused by
antisite defects has been calculated using the results

calculated from ab initio calculations.

II. METHOD

In this work, the band structures of alpha quartz
supercells have been calculated using density functional
theory 1n the local density approximation with the
plane-wave pseudopotential method [25]. Amorphous
silicon dioxide was believed to have similar band

structure properties to those of alpha quartz, and the
techniques used for determining the behavior of alpha
quartz can also be applied to the more disordered
structure of S10, [26].
unit cells with or without one antisite defect 1s used to
study the effect of the antisite related defects in the gate
oxide on the gate leakage current in this paper.

A supercell with eight a-quartz

The tunneling current are calculated according to
the following equation [27]:

J= [ (e, [ 17, ()~ £ (2 Jae, )

271k’

where D(E,) is the transmission coefficient when the
longitudinal electron energy is FEy. f; and f; are the
distribution functions in the gate and the silicon substrate,
m is the effective mass. The transmission coefficient
D(E,) is calculated by a numerical solution to the
one-dimensional Schrédinger equation. A parabolic E(k)
relation with an effective mass m™ as parameter is
assumed in this work. The barrier is discretized by N
partial subbarriers of rectangular shape covered the
whole oxide layer. From the continuity of wave function
and quantum current density at each boundary, the
transmission coefficient is then found by:

D(E ): my kN+1 ’detﬂ{‘ (2)
’ mN+l kO |M22|

where M is a (2x2) product matrix, M,; is the quantity of
the second row and the second column in this matrix
M = H{‘t M, with the transfer matrices M, given by:

1 (1+Sz )exp[—i(km-kg)xg ] (1 -5, )exp[—i(km +k; )x,
"7 2| (1=, )expl+ ithy-k, )x, ] (1S, Jexplt ik, -k, )x, ]
(3)

In Eq.(3) S, =my,k, /mky,,  and the effective masses
and the momenta are discretized as m, =m’[(x,_, +x,)/2]
and k, =k(x_ +x)/2], respectively, xj 1s the position of
/th boundary.

The entire oxide can be assumed to be composed of
many supercells, (some with antisite defects and the

others without). And thus dilute antisite defects can be
calculated according to the following expression:
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J = % Ij(x,y)ds (4)

where § is the area of the oxide, j(x,y) is the local
tunneling current. By using the Eq.4, the effects of the
arbitrary the concentration of the antisite related to
defects on the tunneling currents can be calculated. For
simplicity, the defect oxide layer has been assumed to be
composed of the same supercell and each supercell has
one antisite defect in this work.

The Fermi-Dirac distribution has been used in the
tunneling current calculations, and the maximum of the
longitudinal electron (hole) energy has been set at 20
kgT above (below) the conduction (valance) band, where
kg 1s Boltzmann constant, and 7 is the temperature.
Two-step tunneling process has been used in the
calculation of the defect-assisted hole tunneling current.
The tunneling currents in this work have been calculated
by using Eq. 1 according to two-step tunneling: the first
step, from the gate (substrate) to the trap caused by the
antisite related defects, the second step, from the trap to
the substrate (gate).

ITI. RESULTS AND DISCUSSION

The supercell with 72 atoms has been used to model
defects in quartz [1] and to comparatively study the
defect energetics in the monoclinic hafnium oxide and

o-quartz [2]. The antisite related defect formation
energy by using the supercell method in the first
principles simulations has been obtained as 0.55
eV/atom in this work. As a comparison, the neutral
oxygen vacancy formation energy is 6.2 eV/atom
according to the total energy calculation in the first
principles simulations, which is similar to the results
obtained in Ref. [3]. It is obvious that the antisite defect
formation needs less energy than that for the vacancy
formation. It implies that the antisite related defects may
be easily induced in the oxide because the oxygen
vacancy have a larger formation energy. And oxygen
vacancy has been regarded as a very important origin of
stress-induced leakage current. Thus the discussion of
the effects of antisite defects on the leakage current is
necessary due to its lower formation energy.

Fig. 1(a), (b) shows the band structure of the perfect
and defect alpha quartz supercell. Fig. 2 shows its
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Fig. 1. (a) The band-structure diagram of the perfect SiO, supercell
and (b) the defect SiO, supercell with the anti-sites defects.

density of states. Comparing Fig. 1(a) with Fig. 1(b), the
encrgy levels above the valance band caused by the
defects can be found to be in the bandgap of the alpha
quartz supercell. The energy levels related to the antisite
defect can be found within the band gap at 2.0 €V from
the top of the valence band. Such localized states within
the bandgap will assist holes tunneling through the oxide.
It is also clearly seen in Fig. 2 that a large density of

- states due to the antisite related defects 1s found within

the bandgap. Noted that there is a shift in Fig. 2 and Fig.
1(a), (b) because the reference energy is different in the
first-principles calculations for both structures. Such a
larger density of states means that local states can be
introduced into the bandgap. And thus it can make a
large contribution to the gate leakage current and may be
an origin of the stress induced leakage current.

The tunneling currents have been calculated for an
n-channel metal-oxide-semiconductor field transistor (n"
poly gate, p substrate) in the mode of accumulation with
negative gate voltage. The value of the bandgap of Si10,
has been chosen as 8.6 ¢V, the electron barrier (hole)
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Fig. 2. The density of states the perfect SiO, supercell and the
defect S10, supercell with the anti-sites defects.
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Fig. 3. Tunneling currents through 2 nm oxide when the defect

layer locates at the SiO,/gate interface and its thickness is 3 A
and 5 A.

height has been chosen as 3.0 (4.5) eV, and the effective
electron (hole) mass has been chosen as 0.5 (0.38) m,
according to Ref. [28]. And these parameters have been
used in the tunneling current calculations. And in the
tunneling current calculations, the bandgap of SiO, has
been assumed to be not affected by the antisite related
defects. In the following, J, is the tunneling current
through the perfect oxide, and Jg; ¢ is the stress induced
leakage currents caused by the antisite related defects.
Fig. 3 shows that calculated tunneling currents through
the oxide (its thickness is 2.0 nm) in an n-channel
metal-oxide-semiconductor ficld transistor when the
defect layer is located at the SiO./gate interface and its
thickness is 3 A and 5 A. It is clearly seen in these
figures that the hole tunneling current assisted by the
antisite related defect will be dominant at the low oxide

electric field and the electron tunneling current will be
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Fig. 4. Tunneling currents through 2 nm oxide when the defect
layer with thickness being 3 A locates at the middle of the SiO,
layer and the S10,/Si substrate interface.

dominant at high oxide electric field. With increased
thickness of defect layer that has the antisite related
defects, the threshold point where the hole tunneling
current assisted by the antisite related defects is equal to
the electron direct tunneling current extends to higher
oxide electric field.

Fig. 4 shows that calculated tunneling currents through
the oxide in an #n-channel metal-oxide-semiconductor
field transistor with the oxide thickness as 2.0 nm when
the defect layer is located at the middle of the oxide or at
the Si10,/Si substrate interface. It is also clearly seen
from these figures that the hole tunneling current
assisted by the antisite defects will be dominant at the
low oxide electric field and electron-tunneling current
will be dominant at high oxide electric field. Checking
Fig. 3 and Fig. 4, the effects of the position of the defect
layer on the leakage current can also be observed. When
the defect layer located at the SiO,/gate interface, the
contribution of the hole tunneling current assisted by the
antisite related defects to the leakage current is the
largest, whereas the contribution of the hole tunneling
current assisted by the antisite related defects to the
leakage current is the smallest when the defect layer
located at the middle of the oxide. It is well known that
trap assisted tunneling can be described by two-step
tunneling: the first step, from the gate (substrate) to the
trap caused by the antisite related defects, the second step,
from the trap to the substrate (gate). One can note that the
tunneling probability of both from the gate (substrate) to
traps and from the traps to substrate (gate) depends on the
trap location. It is the reason why the position of the
defect layer affects on the leakage current.
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IV. SUMMARY

Based on the first-principles calculations, the antisite
defect formation energy is obtained as 0.55 eV/atom by

using supercell method in the first principles simulations.
The antisite formation needs much less energy than

vacancy formation does (the vacancy formation energy
being 6.2 eV/atom). And the levels related to antisite
related defects can be obtained within the bandgap at 2.0
eV from the top of the valence band. |

Combining with the band structures obtained from
tirst-principles simulations, tunneling currents through
an ultrathin Si0, layer with the antisite related defects
have been calculated. It i1s concluded that the hole
tunneling current will be dominant at the low field and
electron tunneling current will be dominant at high field.
With increasing thickness of the antisite defects layer,
the effects of hole tunneling current on leakage current
extend to higher field. Stress induced leakage current
may be origin from the formation of the antisite related
defects. And the stress induced leakage current caused
by antisite defects will be largest when the defect locates
at the mterface.
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